Silver nanoparticles (AgNPs) were fabricated by repetitive irradiation of near ultraviolet (UV) nanosecond laser pulses (355 nm, 5 ns) in an aqueous solution of silver nitrate in the absence of stabilizing agents. A broad absorption peak was observed in the visible region showing the formation of a variety of AgNPs in the solution. Among the variety of products, it was found that silver nanocubes (AgNCs) grew in size with longer laser irradiation time. The size of AgNCs also increased with higher laser intensity. The average size of AgNCs, investigated by a scanning electron microscope (SEM) was in the range of 75 -200 nm. The number of reduced atoms in AgNCs as a function of laser intensity showed that the AgNCs are apparently produced by a four photon process, implying that the formation of dimer silver atoms is essential for the formation.
Introduction
In last few decades, fabrication of nanomaterials (NMs) has been of great interest because of their unique physicochemical properties which differentiate them from those of the corresponding "bulk" materials [1] [2] . The optical and electronic good candidate against bacteria, viruses and other microorganisms [13] , they have much potential in the field of food preservation, public hygiene and medical care.
It has been challenging to adopt a suitable method for synthesizing shape and size controlled metal NPs [14] [15] [16] . Synthesis of NPs in a liquid medium can be done in different ways such as chemical, electrochemical and laser-based synthesis methods. From an environmental point of view, it is clear that laser based methods such as laser ablation and laser irradiation have advantages over others. This is because without toxic chemicals, it provides us a unique opportunity to obtain additive-free pure NPs suspension. Furthermore, different morphological changes can also be controlled by laser intensity, spot size, pulse width, wavelength and irradiation time. A limited study, however, has been reported on the synthesis of AgNPs in which photochemical reduction by pulsed laser irradiation is employed. A method using pulsed laser irradiation might be similar to radiolysis as photon works as a reducing agent, which provides electrons, and stable NPs are synthesized in an aqueous solution of metal salts containing suitable dispersing agents [17] [18] [19] . This method also helps us to generate metal NPs with narrow size distribution and completely free from extra reducing chemicals.
In a previous report [17] , we showed that irradiation of a non-focused nanosecond near-UV laser pulse into an aqueous solution of silver salt induces biphotonic reduction of silver ions, leading to the formation of AgNPs. In that study, we also showed that Ag NPs, including NCs, formed with the laser-irradiation into silver nitrate solution without any additives, whereas nanospheres (NSs) having an average diameter of 14 nm were obtained when sodium dodecyl sulfate (SDS) was added into the solution before laser irradiation.
In this study, we focus on the formation and growth of AgNCs upon nanosecond laser irradiation. We found that larger AgNCs were obtained with longer irradiation time. This result indicates that AgNCs grew with repetitive irradiation of UV pulses. The size of NCs also increased with higher laser intensity. The total volume of AgNCs was proportional to the 4th power of laser intensity.
Thus we consider that the AgNC is apparently produced by a four photon process and the formation of dimer silver atoms is essential for the formation and growth of AgNCs. in the cell without using any focus lens. During laser irradiation, the sample solution was stirred continuously using a magnetic stirrer. All experiments were performed at room temperature (295 K) and 1 atmosphere pressure. The optical characteristics of the sample solutions before and after irradiation were analyzed using UV-visible spectrophotometer (Shimadzu UV-1600 PC). A small portion of the solution after laser irradiation was dropcast on indium titanium oxide (ITO) substrates and dried in a desiccator. Then, these substrates were observed using a scanning electron microscope (SEM, Hitachi, FE-SEM-S4300) for structural characterization of AgNPs formed in the solution. Figure 2 shows UV-visible absorption spectra of aqueous solutions of AgNO 3 before and after pulsed laser irradiation. The absorption peak at 302 nm is due to the presence of nitrate ions in the solution. Freshly prepared AgNO 3 solution did not show absorption at 355 nor 405 nm; however, when the sample solution was irradiated with ns laser pulses, a new broad absorption peak was observed at 405 nm, indicating the formation of AgNPs which has the surface plasmon resonance (SPR) band around 400 nm. The position and shape of the SPR band of noble metal NPs are strongly dependent on the particle size, dielectric medium and surface absorbed species [20] [21] . As shown in Figure 2 , the peak was broad and has a tail toward longer wavelength, which indicates the formation of AgNPs having a wide range of shape and size distribution and the aggregation of products in the solution [19] . As Figure 2 (a) shows, the higher the laser intensity was, the higher the absorbance of the solution became. This result agrees with our previous report [17] . Since the absorption of silver nitrate solution at 355 nm is little, the initial process can be two photon ionization of water leading to the ejection of electrons. With higher laser intensity, the yield of electrons will became higher and the number of reduced Ag atoms increased. The absorbance of products obtained after 10 min irradiation, however, was not proportional to the square of laser intensity. This can be mainly due to two reasons. The first reason arises from the heterogeneity of products. The size and structure distri- . These results clearly show that higher laser intensity gives the larger AgNCs and the number of products also increases with laser intensity. These results are also consistent with absorption spectra of products shown in Figure 2 .
Results and Discussion
To investigate the growth process of AgNCs, we analysed the size distribution of AgNCs at different irradiation times. AgNCs less than 100 nm decreased and the number of larger AgNCs increased, resulting in the peak shift in the size distribution diagram shown in Figure 5 (a) to Figure 5(d) . These results clearly indicate that AgNCs grow with further repetitive irradiation of UV laser pulses and the size of AgNCs can be controlled by changing the laser intensity and irradiation time. Note that, we used a conventional quartz cell and a stirrer bar for the laser irradiation experiments, such that photoproducts formed with a former laser pulse can be irradiated with UV pulses repeatedly. This further pulse irradiation can cause the growth of AgNCs. For the growth mechanism, there are two possible processes. One is via the direct excitation of previously formed AgNCs, which can induce electron ejection from AgNCs and/or reduction of Ag ions on the surface of AgNCs. The other is via bi-photonic process of water, which induces electron ejection. Ejected electrons would be easily captured by silver ions in solution and reduced silver atoms may be adsorbed on the AgNCs. In this case, during the formation process and also growth process, the source of electron is always water molecules excited by two photon process [17] . To understand the mechanism further, we plotted the total volume of AgNCs as a function of laser power as shown in Figure 6 . The total volume was calculated from the product of the average size and the number of AgNCs counted. According to Figure 6 , the total volume of products observed in a certain area is proportional to the 4th power of the intensity of laser pulses. Here short irradiation (for example 1 min) would have less effect of previously produced Ag NCs, while long-time irradiation (for example 10 min) can be influenced by previously formed products. If long lifetime photoproducts including previously produced AgNCs reabsorbs laser light and reduce silver ions, this would be mostly one or two photon process and the intensity dependency slope should be less than four, which is inconsistent with the experimental result.
The apparent four-photon process observed here can be explained with the encounter of two silver atoms forming silver dimers as essential parts of the formation of NCs. Such kinetics clearly requires the dependency of products proportional to the square of the concentration of intermediates as shown in delayed florescence intensity induced by collision of two lowest-excited triplet states [22] . Because silver atom itself is yielded from solvated electrons generated by two photon process [17] , overall intensity dependence is considered to be four-photon process as shown in the following scheme. 
Assuming that solvated silver atoms and dimers have certain lifetimes and limited diffusion constants, we can presume that these atoms or dimers can't form bigger AgNCs at a low concentration but may grow larger at a high concentration. This kind of kinetics may explain the Ag NCs' production process depending on the laser intensity. 
Conclusion
In this study, we demonstrated that AgNP production from pure AgNO 3 aqueous solution, using direct laser irradiation, which differs from other laser processes such as the laser ablation of a solid silver target immersed in a liquid.
Photo-reduction of Ag + ions was initiated by UV laser pulse (355 nm) and Ag
NPs were obtained without using any additives. The size of Ag NCs varied with laser intensity and irradiation time. The size distribution obtained with different laser intensity and irradiation time revealed that the growth process of AgNCs was highly depended on these two parameters. The laser intensity dependence of the growth process suggests that the AgNC is apparently produced by four photon process. By controlling these parameters, we can synthesize additive-free metal nanoparticles with controllable size and shape.
